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Based on the huge variety of different genomes, one may expect a correspondingly large variety of the frequency distribution of their
trinucleotides (“triplet profiles”). Yet, this article reports the unexpected finding that there are essentially only three kinds of triplet profiles among
the large number of genomes examined here. None of the classes included random profiles, all of them contained members from vastly different
taxa and species. Since the three classes of genomes do not reflect the phylogeny of their member organisms, I propose that these classes may
reflect species-independent mechanisms of genome evolution.
© 2007 Elsevier Inc. All rights reserved.Keywords: Trinucleotide distribution; Genome origin; PhylogenyAll known properties of genomes that are species indepen-
dent, such as the genetic code, factors involved inmechanisms of
DNA packaging, gene activation through the binding of
transcription factors, or the mechanisms of genome variation
such as insertions, deletions, recombinations, transpositions, and
many others, owe their discovery to the goal of molecular gene-
tics to explain gene replication and expression on a molecular
level. As a result, the biological functions of these species-
independent genome properties are known and necessarily
related to gene replication and expression. Furthermore, when
altered, they naturally affect gene replication and expression.
Are there other such general and species-independent
properties of genomes whose functions are not yet known and
possibly not even related to gene replication and expression? As
shown in a previous article [1], it appears that the compliance of
genomes with Chargaff’s second parity rule for trinucleotides
(“CIItriplet” rules) is a candidate for such a general and species-
independent property of genomes. The rule’s finding of equal
numbers of triplets and reverse complementary triplets on either
strand of a DNA duplex cannot be explained by base-pairing, as
they are counted on the same strand. The compliance of genomes
with this rule is almost universal even though it offers no known
selective advantage. It applies to coding and noncoding regionsE-mail address: g-buehler@northwestern.edu.
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doi:10.1016/j.ygeno.2006.12.009equally well. The only exceptions found so far are the mito-
chondrial genomes of some of the most recent vertebrates [1].
The previous article had disregarded the specific details of the
triplet profiles of genomes as it studied only their compliance
with the CIItriplet rule. In contrast, the present article focuses on
these details, because they may also reveal general, species-
independent properties that could point to general mechanisms
of genome evolution. At first glance, the success of such an
effort may seem quite doubtful because, mathematically speak-
ing, the number of conceivable triplet profiles that fulfill the
CIItriplet rule is astronomically large and could easily afford dif-
ferently shaped profiles for different genomes. Nevertheless, this
article reports that a large majority of the examined genomes had
very similar triplet profiles (“majority class”). They included
organisms from every kingdom and many different species as
well as organelles from different species. Even the remaining
genomes could be characterized by defining only two more
classes.
Results
The “majority class” of genomes
Fig. 1a shows the triplet profiles of 31 different DNA seg-
ments of 8 Mb length, which were taken from chromosomes of
species as widely different as human, chimpanzee, dog, mouse,
Fig. 1. Triplet profiles of the majority class. The genomes in this class comply
accurately with Chargaff ’s second parity rule and are very similar to one another
despite the phylogenetic diversity of the organisms. (Abscissa: all possible
triplets (to be read vertically from bottom to top). Numbers indicate the
canonical numbers (see [1]). Ordinate: frequency of triplets (expressed as % of
all counted triplets in a genome).) (a) Superimposition of the triplet distributions
of 31 genomes of whole organisms that range from human to Mycoplasma
pneumonia. Their average profile is defined as the “majority profile.” (b)
Subclass 1: the triplet profiles of chloroplasts from seed plants that show little
diversity and a relatively low ratio between the TTT and the TTA peaks (see
arrows). (c) Subclass 2: the triplet profiles of chloroplasts from nonseed plants
such as protists, algae, mosses, and ferns, with a greater diversity and a high ratio
between the TTT and the TTA peaks (see arrows). (d) Subclass 3: the triplet
profiles of mitochondrial genomes that comply with Chargaff’s second parity
rule accurately and match the majority profile. Their profiles are very similar to
one another and can be accurately described by the theoretical majority triplet
profile. They have unusually high levels of TAA and TAT peaks.
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maize (Zea mays), yeast (Saccharomyces cerevisiae), Bacillus
subtilis, and Rickettsia genomes. Despite their vast phylogenetic
differences, they appeared to be quite similar (cdiv=0.13, SD0.04). (For the definition of cdiv see Appendix 1.) Therefore, I
propose that they define a majority class of genomes. Their
average triplet profile will be called the “majority profile.” Its
values are listed in Appendix 3.
For these genomes and for the others mentioned below,
membership in the majority class was decided by a correlation
plot between its individual triplet profile and the majority
profile. If the triplet profile belonged to this class, the plot
yielded a line along the diagonal with a correlation coefficient
cmaj≈1.0. The genome segments whose triplet profiles are
depicted in Fig. 1a yielded an average value of cmaj=0.962 (SD
0.047). If the correlation coefficient of a genome was cmaj<0.8, I
considered it not as a member of the majority class.
It should be noted that related similarities were noted already
in 1984 by Ruth Nussinov in the case of dinucleotides in a large
variety of pro- and eukaryotes. She ascribed them to constraints
on DNA packaging [2].
Subclasses of the majority class of genomes
In addition to the above genomes, I tested 42 different chlo-
roplast genomes that were sorted into two subclasses. Subclass 1
consisted of the chloroplasts of seed plants as examples of the
highest evolved plants. It contained predominantly flowering
plants (Fig. 1b). Subclass 2 combined a selection of the
chloroplasts of the more ancient nonseed plants including
protists, algae, mosses, and ferns (Fig. 1c) and all complied quite
accurately with the CIItriplet rule. Their average degree of
compliance cun was 0.990 (SD 0.017). The value of the
correlation coefficient with the majority profile of all but one
was cmaj=0.91 (SD 0.02), which identified them as members of
the majority class. The single exception, Selaginella uncinata
(blue spike moss) will be discussed below.
Yet, there were obvious differences between them. For
example, the average diversity cdiv (see Appendix 1) of the
members of subclass 1 (cdiv=0.012 (SD 0.005)) was much
lower than that of subclass 2 (cdiv=0.096 (SD 0.053)). This
result is also obvious from the graph in Fig. 1b in which the
profiles of the 23 members of subclass were effectively written
on top of each other, whereas the individual profiles of the 19
members of subclass 2 showed a much wider spread.
Another significant difference between these subclasses was
expressed by the ratio between their frequencies of TTT and
TTA triplets (see arrows in Figs. 1b and 1c). In members of
subclass 1 this ratio was larger (average ratio 1.25 (SD 0.08))
and much more variable than in members of subclass 2 (average
ratio 1.35 (SD 0.28)).
Despite the finding that many mitochondrial genomes
violated the CIItriplet rule, which, of course, disqualified them
as members in the majority class, I found among a total of 51
mitochondrial genomes tested 17 cases that complied accurately
with Chargaff’s second parity rule (average compliance
cun=0.95 (SD 0.05)) (Fig. 1d). They were also similar to one
another (cdiv=0.06 (SD 0.02)) and qualified as members of the
majority class, although only marginally (cmaj=0.83 (SD 0.07)).
The main difference between their triplet profiles and the
majority profile was an increased frequency of TAA and TAT
Fig. 2. Triplet profiles of the minority class. The genomes in this class comply
accurately with Chargaff’s second parity rule, but their triplet profiles are
different from the majority profile and from one another (axes as in Fig. 1). (a)
The triplet profiles of nine genomes of whole organisms that show no similarity
between them. (b) The triplet profile of the blue spike moss, the only chloroplast
genome tested that was substantially different from the majority profile. (c) The
triplet profiles of mitochondrial genomes that comply with Chargaff’s second
parity rule but do not match the majority profile. Their profiles differ
considerably from one another. (d) The triplet profiles of the nine genomes
shown in (a) convert to the majority profile after substantial reduction of their
GC content (see text).
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roplasts, this distinction may be used to define a subclass 3 of
majority genomes.
Please note that all members of the majority class are AT
rich, as is obvious from the large peaks at the AAA and TTT
triplet positions in the profiles shown in Fig. 1. For a list of
member genomes see Appendix 2.
The “minority class” of genomes
Among the tested genomes of whole organisms I found nine
cases that complied accurately with the CIItriplet rule (average
compliance cun=0.97 (SD 0.04)), but did not belong to the
majority class (Fig. 2a). In addition, they were also very different
from one another. I will consider them as members of a minority
class of genomes. They were predominantly genomes from so-
called “primitive” organisms. For example, members of the
minority class were Escherichia coli (cmaj=0.1493), the single-
celled alga Chlamydomonas R. (cmaj=0.5776), the archaebacter-
ium Thermoplasma acidophilum (cmaj=0.5551), and the hydro-
thermal vent bacteria, Ideomarina loihiensis (cmaj=0.5828).
Among the genomes of organelles only one chloroplast
genome qualified as a member of the minority class, namely Se.
uncinata (blue spike moss) (Fig. 2b). There were also five
mitochondrial genomes that belonged to this class (Fig. 2c),
namely Triticum aestivum (wheat), Oryza sativa (rice), Arabi-
dopsis thaliana, Chlamydomonas reinhardtii, and Daphnia
pulex (water flea). Their average compliance cun was 0.98
(SD 0.02). Their diversity was cdiv=0.28 (SD 0.27). Yet, they
were quite different from the majority profile. For a list of
member genomes see Appendix 2.
The “violator class” of genomes
As described earlier [1] there were genomes that did not
comply with the CIItriplet rule, such as the genome of human
mitochondria. Therefore, it was necessary to define a third class
for them, which will be called the violator class. Considering
that their triplet profiles were not subject to any constraints, one
may expect them all to be very different from each other. Yet,
that was not the case.
Among the 34mitochondrial genomes that violated the CIItriplet
rule therewere 13 from a large variety of organisms that violated it
to only a moderate degree (“moderate violators”) (Fig. 3a). They
had triplet profiles that differed considerably from one another
(cdiv=0.30 (SD 0.08)). The remaining 21 genomes violated the
rule to a high degree. They belonged predominantly to the most
recent vertebrates, including human, andwere surprisingly similar
to each other (cdiv=0.05 (SD 0.02)) (Fig. 3b). For a list of member
genomes see Appendix 2.
Please note that the reason for their violation of the CIItriplet
rule was not their small genome size [1]. For example, the
majority Class I of compliant genomes also contained
“small” mitochondrial genomes ranging in size between 86
(S. cerevisiae) and 16 kb (Bombyx mori (silk worm)). Similarly,
the minority Class II contained some of the largest mitochon-
drial genomes such as O. sativa (rice), with a size of 490 kb, butalso small ones such as Ch. reinhardtii, with a size of only
16 kb.
The conversion of the minority triplet profiles to majority
triplet profiles
In contrast to the AT-rich genomes of the majority group,
the minority genomes were all GC rich. Therefore, I tested the
Fig. 3. Triplet profiles of the violator class. The genomes in this class violate
Chargaff’s second parity rule (axes as in Fig. 1). (a) The triplet profiles of
mitochondrial genomes that violate Chargaff’s second parity rule moderately.
Their profiles differ considerably from one another. (b) The triplet profiles of
the mitochondrial genomes of “recent” vertebrates that violate Chargaff’s
second parity rule to a very large degree. Their profiles are very similar to one
another.
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profiles. The reduction consisted of a deletion of a large
percentage of C’s in random places of the genome sequence,
followed by a similar deletion of the same percentage of G’s in
every one of the nine genome sequences of the minority class.
The percentage reductions used were quite large and are listed
in parentheses after the names of the species: Rhodospirillum
rubrum (70), Halobacter salinarum (70), Aeropyrum pernix
(60), Chlamydomonas R. (40), Salmonella (40), mouse
chromosome 4 (152–160 Mb) (40), T. acidophilum (40),
hydrothermal bacterium (40), E. coli (40).
These altered genome sequences may be called “converted
genomes.” Surprisingly, the triplet profiles of the converted
genomes not only were very similar to one another, but all
also were quite similar to the majority triplet profile.
Averaging over the triplet profiles of the converted genomes
yielded a triplet profile that may be called the “converted
minority triplet profile.” The close similarity between the
converted minority triplet profile and the majority triplet
profile was expressed in their mutual correlation coefficient
cXY=0.925 (Fig. 2d).
Discussion
Given a large enough genome, each of the 64 possible triplets
Δ should occur many times in its sequence. Furthermore, there is
no a priori reason for any of the triplets to occur more often than
any other. Therefore, one would naively expect that the tripletprofiles of sufficiently large genomes are random, i.e., all 64
triplets Δ should occur with practically equal frequency, f(Δ)=
1/64. In contrast to this expectation, as reported earlier [1], all
tested triplet profiles differed substantially from such a random
one. The closest a tested genome came to such an almost
constant distribution was the case of the chloroplast of the blue
spike moss (Fig. 2b).
Alternatively, one may expect that every species has its own
specific triplet profile. However, as shown in this article, that
expectation is quite wrong as well. Widely different species
have nonconstant, yet similar, triplet profiles.
This result may seem disturbing, because we know of no
selective advantage associated with genomes having one or the
other of the described types of triplet profiles. There is not
even a known selective advantage associated with the much
less stringent condition of a genome’s compliance with
Chargaff’s second parity rule. Yet, both these conditions
appear to be almost universally fulfilled by genomes [1]. In the
past, the most useful guide in the interpretation of genome
properties was the phylogenetic position of the organism in
question. Unfortunately, this approach must fail in the case of a
genome’s compliance with Chargaff’s second parity rule, or its
particular class of triplet profile, because both properties seem
to have no phylogenetic correlation. However, ultimately only
studies of organisms with appropriately altered genomes can
decide whether these genome properties have, indeed, no
selective significance. In theory, such experiments could be
carried out using genomes with extensive base exchanges,
which must, of course, be confined to the noncoding regions.
For example, a computer simulation shows that a random
exchange of 25% of A’s with C’ s in chimpanzee chromosome
14 would drastically alter its triplet profile away from its
majority profile and render it noncompliant with Chargaff’s
second parity rule. It would be fascinating to see which effects,
if any, such genome alterations would have on cells and
organisms.
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Appendix A. Definition of various quantities used in this
article
To measure how similar two or more triplet profiles were, we
used their mutual correlation coefficient in the following three
different capacities.
Degree of similarity cXY between two triplet profiles X and Y
The correlation coefficient cXY between two triplet profiles X
and Y expresses how similar they are.
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As defined in the earlier study [1] cun is defined as the simi-
larity between the triplet profiles of theWatson and Crick strands
of a duplex.
Diversity cdiv among the N members of a class of triplet profiles
(genomes)
Consider the similarity cXY between the triplet profiles of
every member Xn and every other member Ym of the class
{n,m=1,… , N}. Excluding the autocorrelation coefficient cXX
between a member X and itself, there are N(N−1)/2 such
mutual correlation coefficients. The more uniform the indivi-
dual triplet profiles of the members of a class are, the closer their
average value avg(cXY)≈1. Therefore, we define as “class
diversity” cdiv=1−avg(cXY), where the average is taken over all
N(N−1)/2 mutual correlation coefficients. In addition, we use
here the value of the standard deviation SD(cdiv) of the value of
cdiv to express how much the individual profiles scatter.
Appendix B. Class assignment of the genomes used in this
study
The sources of the genomes used in this study are mentioned
in Ref. [1]. The term “seg k” means the sequence of the parti-
cular genome between the positions 8×k and 8×(k+1) [Mb].
Majority class
Organisms
Anopheles gambiae chr X seg 1, Arabidopsis chr 1 seg 0,
B. subtilis, chimpanzee chr 14 seg 8, chimpanzee chr 14 seg 10,
chimpanzee chr 14 seg 4, cucumber chloroplast, Dictyostelium
discoideum chr 3,D. melanogaster chr X seg 0, human chr 16 seg
9, human chr 7 seg 10, human chr X seg 0, I. loihiensis,
Legionella, Methanococcus marip, Methanosarcina, mouse chr 2
seg 19, mouse chr 2 seg 5, mouse chr 4 seg 19, Mycoplasma
pneumonia, P. marinus cyanobacterium, Rickettsia, S. cerevisiae
chr 7, Streptococcus pneumoniae, Xenopus laevis chr 1 seg 15, X.
laevis chr 1 seg 57, Z. mays chr 13, Z. mays chr 34, Z. mays chr 8,
zebrafish chr 5 seg 2, zebrafish chr 5 seg 4, zebrafish chr 5 seg 7.
Organelles
Subclass 1 (low ratio between the TTT and the TTA peaks), e.g.,
certain chloroplasts of seed plants. Acorus calamus (sweet
flag), Amborella trichopoda, A. thaliana, Calycanthus fertilis
(sweetshrup), Cucumis sativus (cucumber), Eucalyptus globu-
lus, Glycine max (soybean), Gossypium hirsutum cultivar
(cotton), Lactuca sativa (lettuce), Lotus corniculatus (birdsfoot
trefoil), Lycopersicon esculentum (tomato), Nicotiana tabacum,
Nymphaea alba (white waterlily), Oenothera elata (primrose),
Oryza nivara, Panax ginseng, Pinus thunbergii (black pine),
Saccharum officinarum (sugar cane), Solanum bulbocastanum
(wild potato), Solanum tuberosum (potato), Spinacia oleracea
(spinach), Tr. aestivum (wheat), Z. mays.Subclass 2 (high ratio between the TTT and the TTA peaks),
e.g., certain chloroplasts of nonseed plants. Pseudendoclo-
nium akinetum (green alga), Zygnema circumcarinatum (green
alga), Anthoceros formosae (hornwort), Cyanidioschyzon
merolae (primitive red alga), Cyanidium caldarium (hot acidic
water alga), Gracilaria tenuistipitata (red seaweed), Guillardia
theta (single cell alga), Marchantia polymorpha (liverwort),
Mesostigma viride (green alga), Nephroselmis olivacea (green
alga), Oltmannsiellopsis viridis (green alga), Physcomitrella
patens (moss), Porphyra yezoensis (seaweed), Psilotum nudum
(fern), Cyanophora paradoxa (biflagellate), Emiliania huxleyi
(phytoplankton), Euglena gracilis, Odontella sinensis (diatom),
Solanum bulbocastanum (wild potato).
Subclass 3 (high levels of the TAA and TAT peaks), e.g., certain
mitochondria. Acanthamoeba castellanii, Apis mellifera
(honey bee), Aspergillus niger, B. mori (silk worm), Candida
stellata, Cyanidioschyzon merolae (red alga), D. melanogaster,
Naegleria gruberi, Octopus ocellatus, Physarum polycephalum,
S. cerevisiae, Tetrahymena pyriformis.
Minority class
Organisms
Rhodospirillum rubrum, H. salinarum, Ae. pernix, Chlamy-
domonas R., Salmonella, mouse chr 4 (152–160 kb), T. acido-
philum, hydrothermal bacterium, E. coli.
Organelles
Chloroplasts. Blue spike moss.
Mitochondria. A. thaliana, Ch. reinhardtii, Daphnia pulex
(water flea), O. sativa (rice), Tr. aestivum (wheat).
Violator class
This class consists of mitochondrial genomes divided into
two subclasses.
Subclass 1
Ambystoma laterale (salamander), Aplysia californica,
Ascaris, Branchiostoma lanceolatum (lancett fish), C. elegans,
Cervus nippon centralis (deer), Crassostrea gigas (oyster),
Cucumaria miniata (sea cucumber), Di. discoideum, Limulus
polyphemus, Paramecium aurelia, X. laevis, Didelphis virgini-
ana (oppossum).
Subclass 2
Alligator mississippiensis, human (Japan), human (Sweden),
Anguilla anguilla (eel), Balaenoptera borealis (whale), Boa
constrictor, Bos taurus, Canis familiaris (dog), Ciconia ciconia
(stork), Equus caballus (horse), Falco peregrinus, Felis catus
(cat), Gallus gallus (chicken), Gorilla gorilla, Kaloula pulchra
(bullfrog), Macaca mulatta (rhesus monkey), Mus musculus
(mouse), Rattus norvegicus (rat), Sus scrofa (pig), Testudo
graeca (turtle), Macropus robustus (wallaroo).
601G. Albrecht-Buehler / Genomics 89 (2007) 596–601Appendix C. Majority profile1 2 3 1 2 3 1 2 3 1 2 30 AAA 0.04239 16 CAA 0.01696 32 TAA 0.02931 48 GAA 0.01993
1 AAC 0.02119 17 CAC 0.01267 33 TAC 0.01823 49 GAC 0.01533
2 AAT 0.02441 18 CAT 0.01251 34 TAT 0.02383 50 GAT 0.01252
3 AAG 0.02052 19 CAG 0.00927 35 TAG 0.01557 51 GAG 0.01279
4 ACA 0.0192 20 CCA 0.01128 36 TCA 0.01507 52 GCA 0.00585
5 ACC 0.01512 21 CCC 0.00951 37 TCC 0.01307 53 GCC 0.00555
6 ACT 0.01905 22 CCT 0.01321 38 TCT 0.01916 54 GCT 0.00639
7 ACG 0.01403 23 CCG 0.00932 39 TCG 0.01307 55 GCG 0.00523
8 ATA 0.02394 24 CTA 0.01563 40 TTA 0.02913 56 GTA 0.01818
9 ATC 0.01259 25 CTC 0.01273 41 TTC 0.01975 57 GTC 0.01524
10 ATT 0.02431 26 CTT 0.02025 42 TTT 0.04155 58 GTT 0.02104
11 ATG 0.01239 27 CTG 0.00911 43 TTG 0.01666 59 GTG 0.01248
12 AGA 0.0194 28 CGA 0.01309 44 TGA 0.01501 60 GGA 0.01307
13 AGC 0.00645 29 CGC 0.00519 45 TGC 0.00573 61 GGC 0.00558
14 AGT 0.01911 30 CGT 0.01402 46 TGT 0.01883 62 GGT 0.01496
15 AGG 0.0132 31 CGG 0.00931 47 TGG 0.01106 63 GGG 0.00944Columns 1, canonical number of triplet (see [1]); columns 2, triplet; columns 3, normalized frequency of triplet in the majority profile.References
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